Introduction
Structural characterization of disordered and heterogeneous carbonaceous materials (e.g. activated carbons, activated carbon fibers, carbon molecular sieves, carbon xerogels/aerogels and coals) is one of the fundamental steps in understanding and improving their respective performance in technical applications including separations, sequestrations, gas storage, supercapacitors and batteries, adsorption/desorption heat pumps, catalysis, and many others [1] [2] [3] [4] [5] [6] [7] . Various experimental and theoretical studies conducted on this subject concluded that disordered carbonaceous materials could be described as nano-scale pores of various sizes embedded into a disordered carbon matrix [8] [9] [10] [11] [12] [13] [14] [15] [16] . For most carbonaceous materials the majority of relevant pore volume is related to micropores, i.e. pores smaller than 2 nm, where the solid-fluid interactions are significantly enhanced compared to larger pores [17] . Micropores in turn are further subdivided into ultramicropores (pores smaller than 0.7 nm) and supermicropores (pore sizes between 0.7 to 2 nm) [18] . Due to their high degree of disorder and the associated broad pore size distributions the analysis of technical relevant carbon structures is often a complex task, which still is an object of academic and technical research [19, 20] .
Gas adsorption experiments, e.g. N 2 at 77 K, Ar at 87 K or CO 2 at 273 K, are commonly used to determine structural properties of microporous carbons, such as surface area and pore size distribution. The current state of the art for the analysis of adsorption isotherms is based on the numerical solution of the general adsorption equation, which is based on a set of theoretical adsorption isotherms (a so-called kernel) for discrete pore sizes [21] [22] [23] [24] . The result of this process is the pore size distribution of the material. Most kernels implemented in nowadays commercial software tools were generated with the nonlocal [25] [26] [27] and more recently quenched solid density functional theory [28] (NLDFT and QSDFT, respectively); in rare cases the more extensive technique of grand canonical Monte Carlo (GCMC) simulation was applied [29] [30] [31] [32] . However, regardless of the kernel's derivation the solution of the general adsorption equation itself is an ill-posed problem from the mathematical point of view, i.e. the resulting pore size distributions are not entirely unambiguous [33, 34] .
Therefore, alternative ways to validate an obtained pore size distribution are desirable.
Here we perform a quantitative analysis of adsorption-induced deformation as a complementary approach to access the micropore structure of carbons. The effect of M A N U S C R I P T
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Experimentally observed deformations during gas adsorption on monolithic carbonaceous materials are usually smaller than 1 vol% and therefore this effect is almost always neglected [36] [37] [38] . However, within the last decade several theoretical studies based on DFT and GCMC were conducted in order to understand its microscopic origin [39] [40] [41] [42] [43] [44] [45] . These studies identified the packing of the adsorbed molecules inside slit-shaped carbon micropores as a key factor for the mechanical response of a micropore to gas adsorption: if the width of a slit-shaped micropore is commensurate to the molecular diameter of the adsorbed species, the packing of the adsorbed molecules is very dense and the pore expands. On the contrary, for pores, whose size is incommensurate to the molecular diameter of the adsorbed molecule, the packing will be less dense and the attractive potentials of the opposing walls cause the micropore to contract. This geometrical effect makes the analysis of sorptioninduced deformation a promising approach for the evaluation of pore size distributions.
For this work we recorded a CO 2 adsorption isotherm at 293 K on a synthetic microporous carbon prepared in our lab complemented by in-situ measurement of the sample's adsorption-induced deformation via dilatometry. Two independent theoretical methods based on the GCMC simulation model of CO 2 adsorption in carbon pores were used in order to compute structural parameters of the sample investigated. Firstly, we followed the common approach to solve the generalized adsorption equation, which convolutes the kernel of theoretical isotherms with the sought pore size distribution to describe the experimental CO 2 excess adsorption isotherm. The theoretical kernel of excess isotherms was constructed with rotationalbias GCMC simulation of CO 2 adsorption in carbon pores ranging from 0.22 to 2.0 nm. Secondly, we calculated the kernel of adsorption stress isotherms using the thermodynamic model of adsorption-induced deformation of microporous materials and determined the pore size distribution by fitting the experimental strain isotherm with this kernel. The main question to be addressed is whether the structural parameters, i.e. the distribution of micropore volume and surface area as well as the total micropore surface area and volume, evaluated from the CO 2 excess adsorption isotherm are consistent with those computed from the in-situ deformation data. The positive answer opens up a new opportunity of the independent evaluation of M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT 5 micropore structure. Furthermore, we extrapolated both CO 2 excess adsorption and strain isotherm up to saturation, which was not accessible to our experiment limited to the atmospheric pressure.
Material, Experimental Techniques and Simulation

Sol-gel based synthetic carbon xerogels
The sample investigated was a monolithic rod of synthetic amorphous carbon xerogel derived by pyrolysis at 800 °C under argon atmosphere from an organic xerogel precursor. The organic precursor was synthesized via a sol-gel process based on the approach proposed by Pekala and co-workers [46] but modified with respect to educt ratios, gelation/aging period and drying [47] . The molar ratio of resorcinol to catalyst was set to 5000, the mass ratio of resorcinol and formaldehyde to the mass of the total starting solution was 30 % and the gelation/aging period was 24 h. The A scanning electron microscopy (SEM) image of the sample investigated is shown in Figure 1a . From this image the average particle diameter of the sample d SEM was estimated to be in the range of 300 to 500 nm. Furthermore the sample's structure was investigated by N 2 sorption at 77 K.
The respective sorption isotherm is shown in Figure 1b ; its Langmuirian shape (isotherm type I following to International Union of Pure and Applied Chemistry [49, 50] ) is typical for carbonaceous materials with micropores. The evaluation of the nitrogen sorption data according to the t-plot method [51] using the reference isotherm suggested by Magee [52] yields a specific particle surface area of S ext = (11 ± 1) m²/g and a specific micropore volume of V mic = (0.25 ± 0.01) cm³/g. With the density of the nonporous carbon backbone ρ c = (2.06 ± 0.06) g/cm³ from literature [53] we calculated the density of the purely microporous primary particles ρ part = 1/(V mic + 1/ρ c ) = (1.36 ± 0.04) g/cm³. To validate the result for ρ part we assume spherical geometry for the primary particles and determine an average particle
The results of the sample characterization are summarized in Table 1 .
0.292 ± 0.011 1.36 ± 0.04 0.25 ± 0.01 11 ± 1 300-500 396 ± 38 Table 1 . Results of the sample characterization: ρ m is the macroscopic (apparent) density, ρ part the particle density, V mic the specific micropore volume, S ext the specific surface area, d SEM the particle diameter as seen by SEM, and d part the particle diameter calculated from structural properties.
The microporosity of the sample was further investigated by NLDFT and QSDFT analysis of the N 2 sorption isotherm according to refs. [10, 28] , respectively. 
Sorption measurement with in-situ dilatometry
Simultaneous measurements of CO 2 adsorption and sample deformation were i.e. the amount of gas adsorbed as a function of the relative gas pressure p/p 0 , and the corresponding change of the sample length ∆L. This setup was successfully used for studies of sorption-induced deformation of micro-and mesoporous materials [37, 38, 54] . Similar setups were previously described in refs [55, 56] . 
Molecular Models and Simulation Details
We used a three-site rigid linear model of CO 2 molecules [58] for MC simulation of adsorption isotherms. The values of the electrostatic point charges and the (12,6) Lennard-Jones dispersion parameters for CO 2 are given in refs. [58, 59] .
The applied force field was previously verified against available experimental data [58] . Additionally, we compared the theoretical equation of state for CO 2 at 293 K with experimental measurements (see Figure 1S in supporting information).
Micropores were modeled as uncharged graphitic slit-shaped pores of width H, where H = H geom -0.34 nm denotes pore width accessible to CO 2 molecules, and H geom is the geometrical pore width measured as the distance between planes through the first atomic layer of carbon nuclei of opposing walls. The dispersion interactions between M A N U S C R I P T
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Steele potential [60] . The cross-terms parameters for dispersion interactions were evaluated with Lorentz-Berthelot combining rule [61] .
Adsorption isotherms were computed from the rotational-bias grand canonical Monte Carlo method implemented by Kowalczyk and co-workers [62] . The setup for GCMC simulation of CO 2 adsorption in slit-shaped pore geometry represented cubic points and covered the range of micropore sizes accessible to CO 2 molecules, i.e. slitshaped carbon pore width ranging from 0.22 to 2.0 nm.
Microporo-Elastic Properties
CO 2 excess adsorption: Structural and Adsorptive Properties
The generalized adsorption equation (GAE) was solved with the kernel of theoretical CO 2 excess adsorption isotherms simulated by rotational-bias GCMC method at 293 K. Noteworthy, that while the standard methods of pore size analysis for low temperature N 2 and Ar adsorption are based on theoretical absolute adsorption isotherm, in the case of CO 2 adsorption at ambient conditions, the use of excess adsorption isotherms is essential due to the high vapor density. The solution was then used to compute the pore surface area distribution (PSD) from the experimental CO 2 excess adsorption isotherm [19] : 
where ( )
is the bulk gas density of CO 2 at given pressure p at 293 K (see Figure   1S in supporting information), N denotes the GCMC ensemble average number of CO 2 molecules in the pore of accessible volume V. For slit-shaped pore geometry, the
The pore volume distribution (PVD) is computed from the PSD, ( )
, using the following relation:
The solution of the GAE is obtained using the discrete first and second order Tikhonov regularization method with the non-negative least-squares algorithm (see Kowalczyk et al. [3] for other details).
CO 2 in-situ deformation: Structural and Elastic Properties
To describe adsorption-induced deformation we invoke the adsorption stress model proposed in ref. [39] . In case of the carbon xerogel investigated, micropore filling takes place inside the primary particles shown in Figure 1a . [ ]
Here K denotes the bulk modulus of the particle, 
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Results and Discussion
Simulation results
Figure 3 displays theoretical CO 2 absolute adsorption isotherms simulated from rotational-bias GCMC at 293 K for selected pore sizes. We notice that CO 2 is strongly adsorbed in carbon ultramicropores with pore size < 0.7 nm. The density of adsorbed 
Experimental results and data evaluation
The experimental CO 2 excess adsorption and in-situ strain isotherms for the carbon sample at 293 K are shown in Figure 5 . Analog to the N 2 sorption isotherm the CO 2 sorption isotherm is of type I and typical for microporous carbons [49, 50] . The measured in-situ deformation isotherm is nonmonotonic, which corresponds to other experimental studies reporting adsorption-induced deformation of microporous carbons, see e.g. refs [37, [64] [65] [66] . predicted by Kowalczyk and co-workers to be a signature of structural heterogeneity of micropores [45] .
We applied the models described in sections 2.4.1 (GAE) and 2.4.2 (thermodynamic model) on the excess adsorption and the in-situ strain isotherm, respectively, aiming for the best possible fit of the experimental data sets. The results of the fitting process are also shown in Figure 5 . Both, the GAE and the thermodynamic model of adsorption-induced deformation were able to achieve reasonable agreement with their respective isotherm. The pore volume distributions (PVDs) and pore surface area distributions (PSDs) evaluated independently from the gas adsorption and volumetric strain isotherms are compared in Figure 6 Independent of the applied approach the differential PVD/PSDs ( Fig. 6b and   7b ) are not uniform but exhibit spikes suggesting a detailed substructure of the carbon matrix; this effect is more pronounced for the differential distributions derived from the inversion of the GAE than for their counterparts evaluated from the situ strain isotherm. From the experimental point of view a substructure of the carbon matrix appears unphysical, since the micropore structure of the carbon xerogel sample is expected to be entirely disordered [48] . Therefore the spikes of the differential pores size/volume distributions ( Fig. 6b and 7b ) should be taken with reservation. The model of slit pores with smooth walls may be too idealized to reflect the real pore geometry of carbons accurately in the ultramicropore range, where adsorbate density and adsorption stress are determined by molecular packing that is extremely sensitive to pore width and shape. It was shown that the introduction of surface roughness smoothens the pore size dependences of the molecular packing [28] . Consequently the results presented Figures 6 and 7 should be considered as distributions of "effective" sizes of ultramicropores, which give an approximate description of the sample investigated but are not be over-interpreted on the sub-angstrom scale. So generally the application of a more refined carbon model appears desirable, e.g. a 3D
reconstruction of the disordered structure [15] . However, despite its simplicity, the slit pore model consistently captures the most important physical mechanisms of the adsorption and the adsorption deformation phenomena. In particular the cumulative pore volume and area distributions derived from the adsorption and strain isotherms ( Fig. 6a and 7a) can be smoothened and approximated by one interpolating function resulting in approximately the same overall micropore volume and area. This M A N U S C R I P T
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confirms our main conclusion that strain isotherms can be used for pore structure analysis validating or even complementing the conventional methods based on the analysis of adsorption isotherms.
Comparing the structural evaluation of the sample investigated derived from N 2 and CO 2 sorption analysis we find that all PVDs are overlapping in the range of pore widths between 0.5 and 0.6 nm (compare Figures 1d and 7) , but the PVDs computed from CO 2 data are significantly broader and more detailed than the ones derived from the N 2 sorption isotherm. As was pointed out in ref. [22] micropore analysis from N 2 sorption data taken at cryogenic temperatures is limited to pore widths larger than approximately 0.5 nm because of the experimental pressure resolution of currently used instruments. So generally we expect PVDs/PSDs evaluated from CO 2 data to be more reliable with respect to narrow ultramicropores.
Considering the total specific pore volume and the total specific surface area, we find that CO 2 results yield more surface area but less pore volume than the DFT analysis of the N 2 sorption isotherm. While the increased surface area is related to the smaller pore sizes of the CO 2 PSDs (see Figure 7) , the reduced pore volume can be explained 
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Since no direct measurements of the mechanical properties of individual particles are feasible, we can only estimate respective values from literature: employing the correlation of carbon xerogel stiffness and macroscopic density derived by Gross and co-workers [68] we extrapolated K to be approximately 15 GPa. This value is remarkably close to bulk moduli measured for glassy carbon [69] [70] [71] , a purely microporous disordered carbon material, which is comparable to the particles within the sample investigated in terms of synthesis, structure and density. Therefore we conclude that the bulk modulus derived from the application of the thermodynamic model is of the correct order of magnitude but somewhat lower than expected.
Given the good quantitative description of the experimental data by the proposed theoretical we extrapolated the CO 2 excess adsorption and the accompanying strain isotherms at 293 K into the relative pressure range above 0.02, which was not accessible in the experiment (see Figure 8 ). 
Conclusions
In the current work we presented the first attempt towards characterization of microporo-elastic properties of disordered and heterogeneous carbon materials from the CO 2 gas adsorption measurement accompanied with in-situ dilatometry at 293 K.
We 
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